Abstract Reactive oxygen species (ROS) play an important role in male fertility. Overproduction of reactive oxygen species (ROS) has been associated with a variety of male fertility complications, including leukocytospermia, varicocele and idiopathic infertility. The subsequent oxidative insult to spermatozoa can manifest as insufficient energy metabolism, lipid peroxidation and DNA damage, leading to loss of motility and viability. However, various studies have demonstrated that physiological amounts of ROS play important roles in the processes of spermatozoa maturation, capacitation, hyperactivation and acrosome reaction. It is therefore crucial to define and understand the delicate oxidative balance in male reproductive cells and tissues for a better understanding of both positive as well as negative impact of ROS production on the fertilizing ability. This review will discuss the specific physiological roles, mechanisms of action and effects that ROS have on the acquisition of structural integrity and physiological activity of spermatozoa.
Introduction
Male infertility is a major problem in human reproduction, affecting as many as 15 % of couples of reproductive age, with half of these cases stemming from male abnormalities [1] . The increasing importance of this problem has pushed scientists over the last decade to dwell on the study of the pathological role of ROS; a causative agent in male infertility [2] . On the other hand, ROS play an important physiological role in spermatozoa function following fertilization of the oocyte. Reactive oxygen species (ROS) have been extensively studied, and their detrimental effects on male fertility are well accepted. It has already been reported that pathological ROS levels have a deleterious effect on semen quality, including spermatozoa motility [3] [4] [5] , viability, morphology and concentration [6, 7] .
Accumulating evidence suggests that low levels of ROS are of paramount importance in the activation of intracellular pathways responsible for spermatozoa maturation, capacitation, hyperactivation, acrosomal reaction, chemotactic processes as well as fusion with the female gamete [8] [9] [10] [11] .
This review aims to highlight the importance of the physiological roles of ROS ensuring morphological and functional alterations of spermatozoa at different stages of development, thereby warranting the acquisition of fertilization ability. At the same time, it gives detailed information on the relationship between spermatozoa and ROS, which is crucial for an accurate understanding of the latest findings involving ROS and male reproduction.
Reactive oxygen species
An atom with two complementary electrons in its outermost shell spinning in opposite directions is defined to be in a ground state. This phenomenon stabilizes the atom and prevents it from reacting with its surroundings, thereby making it inert. Conversely, the reduction of diatomic oxygen (O 2 ), which is essential for cellular respiration and survival, results in the creation of a highly reactive oxygen metabolite-the superoxide anion (O 2 − ), which is capable of interfering with cellular functions. If this reduction is followed by the gain of another electron, peroxide (O 2 2− ) is formed. Interestingly, O 2 2 − is not considered a free radical [12] . The endogenous hydrogen peroxide (H 2 O 2 ), a weak though abundant free radical, is subsequently generated by numerous metabolic reactions in the human body including the peroxisomal pathway via beta glycolate and monoamine oxidases. It is also produced by O 2 − dismutation [13] . . The second step consists of H 2 O 2 conversion to OH•. Ferrous ions act as catalysts in this slow reaction [14] . Superoxide anion interacts with nitric oxide (NO) to form peroxynitrite (ONOO − ). Nitric oxide is a reactive radical with an odd number of electrons catalyzed by the family of nitric oxide synthase (NOS) enzymes [15] . Other ROS species including ozone, organic peroxyl and alkoxy radicals may be present too, but are not biologically important [16] .
ROS include all molecules containing the oxygen atom. Free radicals "steal" electrons from surrounding structures to achieve a ground state, thereby causing other molecules to become subsequent free radicals. This positive feedback amplifies the degree of disruption in the neighboring structures [17] .
Endogenous sources of ROS in semen
Seminal fluid is an essential medium that nurtures spermatozoa during their migration from the epididymis to the female genital tract. Secretions from the prostate, seminal vesicles, Cowper's glands and testicular secretions make up the ejaculate. The seminal fluid of healthy fertile men contains a variety of cells including leukocytes, macrophages, immature germ cells and Sertoli cells [18, 19] .
Leukocytes
Activated leukocytes are a significant ROS producer in semen [20, 21] . Myeloperoxidase staining (Endz test) is an easy and inexpensive way to quantify leukocytes in unprocessed semen as a part of the semen profile [22] . According to the WHO, if the leukocyte concentration in the ejaculate exceeds a level of 1×10 6 per milliliter, leukocytospermia is present [23] .
Numerous studies have examined the relationship between seminal leukocytes and male infertility, resulting in two different views. On the one hand, some studies failed to find a correlation between the leukocyte concentration and sperm damage [24] , while on the other hand, certain studies reported a strong link between leukocytospermia and abnormal sperm parameters and function [25] . Another study concluded that ROS generated by abnormally high levels of leukocytes were associated with an increase in sperm DNA fragmentation [26] . However, Sharma et al. [27] observed that small numbers of white blood cells, even those below the WHO cut-off value for leukocytospermia, are responsible for oxidative stress and therefore, sub-threshold levels of leukocytes, as seen in normal ejaculates, may not be considered safe as previously thought. Furthermore, activated forms of white blood cells are responsible for a 100-fold increase in ROS production compared to non-activated leukocytes [28] .
Leukocytes are activated by multiple factors, especially inflammation and infection [29] . This causes the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase to catalyze the formation of free radicals through the hexose monophosphate shunt in order to fight infections. The hexose monophosphate shunt consists of a number of cytosolic enzymes that bypass the glycolytic pathway through alternative reactions leading to the formation of reduced NADP + (NADPH). NADPH oxidase is a membrane bound enzyme that transfers electrons from NADPH to oxygen to produce O 2 − [30] .
Leukocytospermia has also been implicated in the increased ROS production by spermatozoa. This event is triggered by a direct cell-to-cell contact of the leukocyte with spermatozoa or by the release of soluble products acting on the sperm cell [21] .
Subpopulations of leukocytes usually present in semen, mainly consist of polymorphonuclear (PMN) leukocytes (50-60 %) and macrophages (20-30 %) [31] . PMN leukocytes represent an important source of ROS due to their abundant presence in semen. At the same time, external stimuli induce the activation of macrophages, thereby causing an oxidative burst and overproduction of ROS. These differentiated monocytes are of paramount importance in defending the male reproductive tract from foreign invaders [32] .
Immature spermatozoa
Immature spermatozoa with abnormal head morphology and cytoplasmic retention are another important source of ROS in semen [7] . Failure to extrude excess cytoplasm during sperm differentiation and maturation traps a surplus of enzymes, including glucose-6-phosphate dehydrogenase (G6PD) and NADPH oxidase, which lead to the generation of free radicals through the formation of the intermediate NADPH [33] [34] [35] . G6PD is an enzyme of the hexose monophosphate shunt. In the presence of NADP + and glucose-6-phosphate, the reaction results in reduced NADPH. This hypothesis is supported by findings of a study showing that after density gradient separation of the human ejaculate, the layer of immature spermatozoa produces the highest levels of ROS [36] .
Normal spermatozoa have the ability to produce ROS, which can be attributed to two different sources: NADPH oxidase at the level of the plasma membrane and NADH dependent oxidoreductase (diaphorase) in the mitochondria [37] . NADH diaphorase is a member of the Krebs cycle-a high energy producing biochemical cycle consisting of a series of chemical reactions that eventually lead to ATP formation. This pathway is utilized by all aerobic organisms and leads to acetate oxidation. After one cycle, three NADH molecules are created from NAD + . Electrons transported by NADH can later be used for ATP production in the electron transport chain. The mitochondrial contribution of ROS is generally considered to be very low [38] . According to de Lamirande et al. [39] , any claim alluding to the generation of ROS by NADPH should be rejected for the reason that neither polymerase chain reaction (PCR) nor immunoblotting analysis has found oxidase components in the cell membrane.
Sertoli cells
Sertoli cells have also been shown to possess the ability to produce ROS-an effect inhibited by the addition of scavestrogens (J811 and J861). Derived in structure from 17alpha-estradiol, scavestrogens serve as potent radical scavengers that also inhibit iron-induced cell damage in vitro. Hence, it can be hypothesized that Sertoli cells assist in spermatogenesis mediated by ROS. Based on this evidence, there is a need to further investigate and clarify the function of Sertoli cells in the process of ROS formation [40] .
Unfortunately, an exact and unanimously agreed upon ROS concentration, defining the physiological and pathological roles, has not been established as of yet.
Sperm transformational stages
The spermatozoon nucleus carries the haploid paternal DNA to complement its counterpart present in the female oocyte. The nuclear fusion of male and female gametes gives rise to a diploid fetus. Development of the spermatid into a normal mature spermatozoon is a key process to achieve fertilization. The immature germ cell is produced in the seminiferous tubules of the testis. Once formed, spermatozoa are delivered to the epididymis to be stored and acted upon by the epithelial cells. Non-motile spermatozoa undergo maturation at this stage and acquire the ability to swim. Furthermore, the nucleus condenses and the cytoplasm is extruded from the head of the sperm. During ejaculation, spermatozoa are mixed with secretions from different glands to form semen.
Semenogelin, which is released from the seminal gland, prostate and epididymis, is the most abundant protein in semen and is responsible for the coagulation of the ejaculate upon its release [41, 42] . The coagulum is later degraded by protein-specific antigens originating from the prostate. The coagulation and liquefaction process may be regulated by redox reactions. Hamada et al. reported that patients with high levels of ROS had higher levels of semenogelin in their spermatozoa [43] . On the other hand, Chatterjee et al. [44] showed that the liquefaction process is amplified by the presence of O 2 − . This discrepancy between the studies may be due to the fact that ROS activate different pathways or that Chatterjee et al. used a higher concentration of O 2 − in vitro compared to in vivo levels. A mature spermatozoon is greatly compartmentalized. It consists of a head carrying the condensed chromatin in the nucleus in the almost absence of cytoplasm. The anterior half of the head is characterized by the presence of the acrosome, which is a membrane-enclosed structure filled with inactive enzymes. The midpiece is the "power house" of the spermatozoon, which generates energy through the mitochondria (only present in midpiece) in order to propel the flagellum [45] . The tail (flagellum) consists of microtubules and provides motility to the male gametes through a whip-like motion [46] .
Mature spermatozoa enter the female reproductive system through ejaculation. At this point, a series of physiological modifications take place to prepare the spermatozoa to recognize and bind to the zona pellucida, a process called capacitation. This is a reversible process that lasts several hours. Various cellular modifications take place during this indispensable process including an increase in plasma membrane fluidity, cholesterol efflux, an upsurge in intracellular calcium (mediating the increase in adenylyl cyclase and cAMP), a rise in pH, protein tyrosine phosphorylation (P-Tyr), membrane hyper-polarization, and the induction of hyperactivated motility of the spermatozoon [47] [48] [49] .
The acrosome reaction (AR) can start only if the capacitation process is completed and the spermatozoon has reached the oocyte [46] . The reaction involves exocytosis of enzymes following the fusion of the spermatozoon with the zona pellucida, at which point the acrosome is shedded and its contents released. These modifications permit the spermatozoon to penetrate the tough outer layers of the female oocyte [50] . The process is irreversible and is triggered by the zona pellucida glycoprotein 3 (ZP3) or progesterone [36] . Some investigators do not consider the AR and capacitation two independent processes. This might be due to the similarity in the biochemical modifications typical for both processes, including changes in pH as well as intracellular calcium and PTyr [36, 51, 52] .
However, these two processes are distinctly separate and occur at a specific time during the fertilization process. Moreover, the triggering events, kinetics, amplitude of the modifications, enzyme targets and cellular compartmentalization are significantly different [53] .
Starting with their production in the testes and finishing with oocyte fusion, spermatozoa undergo several maturational steps throughout their life, allowing them to perform various functions culminating in one sole purpose, i.e. achieving fertilization. The structural integrity and functional activity of the spermatozoon is facilitated by extracellular stimuli stemming from its surrounding environment, which varies as the cell migrates from the male to the female reproductive tract. ROS are such a stimulus needed by spermatozoa to gain their functional competence [54] .
Physiological role of ROS during sperm maturation

Capacitation
Extensive research has identified the role physiological ROS levels play in potentiating capacitation. There is an overall agreement that the presence of ROS is essential for the amplification in P-Tyr of proteins with a molecular weight 100 kDa [55, 56] . Aitken et al. inhibited ROS production in vitro by introducing 2-deoxyglucose-a modified glucose molecule that interacts with and inhibits the glycolysis pathway, which is an important intracellular source of ROS. This modification resulted in a decrease of tyrosine-phosphorylated proteins, justifying the hypotheses of ROS-induced phosphorylation [57] . Among the phosphorylated proteins, bands with a molecular weight of 80 and 105 kDa were identified as the A-kinase anchoring proteins (AKAP) that bind protein kinase A (PKA) to the fibrous sheath of the spermatozoon [58] . Their location suggests that they play a role in hyperactivated motility of spermatozoa.
PKA is an essential enzyme and acts by adding a phosphate group to a target protein, modifying its structure and regulating its activity. A cascade of events follows with the activation of adenylyl cyclase (AC) leading to the production of cyclic adenosine monophosphate (cAMP) from ATP. cAMP subsequently triggers PKA to function during the second messenger cascade known as the AC/cAMP/PKA pathway [59] (see Fig. 1 ).
Correspondingly, an increase in cAMP nucleotides leads to the amplification of P-Tyr [60] . The common end product resulting from ROS and cAMP activity suggests that they work along the same pathway in order to produce P-Tyr within the cell. It is hypothesized that free radicals stimulate the AC synthesis through either a direct or indirect pathway involving secondary messengers such as calcium [61] .
Leclerc et al. [62] argued that an increase in cellular calcium levels is required for cAMP and O 2 − generation, which eventually act on PKA through the previously mentioned cascade. They reached this conclusion after observing the effects caused by the addition of certain capacitation inducers including fetal cord serum ultrafiltrate (FCSu) and A23187. This ultrafiltrate triggered capacitation and amplification of P-Tyr when added to a medium containing spermatozoa. When BAPTA (a calcium chelating agent) was added, it prevented FCSu-induced capacitation and decreased O 2 − by 60 %. Similarly, A23187-a divalent calcium ionophore-mimicked the role of Ca 2+ and activated capacitation, leading to increased phosphorylation.
Phosphatases are another family of enzymes in the AC/ cAMP/ PKA pathway that catalyze the breakdown of cAMP into inactive metabolites, thereby terminating its function. In order for the enzyme to act, its cysteine residue in the catalytic domain must be reduced [63] . Because ROS are oxidizing agents, they inhibit the action of phosphatases, causing an increase in the intracellular levels of cAMP and subsequently, enhancing the protein phosphorylation.
Continuous production of ROS during sperm maturation is necessary for the intracellular pathways of phosphorylation to remain functional. In the absence of ROS, P-Tyr, intermediate signals and the capacity of NADH to produce more free radicals are blunted [57] .
Similarly, Donà et al. [56] studied the correlation between endogenous ROS formation (measured by a luminometer with luminol as the source of fluorescence), P-Tyr and capacitation. Cells were collected from 12 healthy fertile individuals with normal sperm parameters according to WHO standards. In this experiment, the capacitation process showed 3 patterns of ROS production. An early phase characterized by a peak after 45 min of incubation was associated with an amplification of P-Tyr proteins with a molecular weight of 105 and 81 kDa. The following phase was characterized by a decrease in both ROS and P-Tyr due to high levels of ATP generated by NADH in the first phase, causing a negative feedback on ROS production and protein dephosphorylation. The last phase involved a gradual and continuous increase in ROS formation paralleling an increase in P-Tyr; levels peaked after 180 min.
This might have been caused by the presence of NADH in the mitochondria, which maintains sperm hyperactivation.
Furthermore, de Lamirande et al. [64] confirmed the need for O 2 − to trigger a cascade of events early on through two key observations. Firstly, spermatozoa production of O 2 − started as soon as capacitation was induced and slowly declined over the next couple of hours. Secondly, the addition of an O 2 − scavenger, superoxide dismutase (SOD), did not stop capacitation. However, the same study suggested that a higher concentration of O 2 − is needed to trigger hyperactivation of spermatozoa and that a subsequent basal level of this free radical is required to ensure that the cell remains in this state. In fact, adding SOD to hyperactivated spermatozoa can reverse this process [62, 64] . In a later study, Donà et al. [65] determined that the threshold level for endogenous ROS ranged between 0.05 and 0.1 RLU (relative light units). If the amount of ROS generation in the sperm falls outside this range, metabolic pathways and subsequently cell function are disrupted. This idea was suggested when studying the effect of apocynin (APO), a NADPH oxidase inhibitor, on capacitation. Sperm suspensions treated with APO prevented free radical generation and caused cell death. On the other hand, addition of ascorbic acid (antioxidant) decreased ROS concentrations and did not induce apoptosis. The cells were maintained in a resting phase-an uncapacitated state ready to be triggered to undergo capacitation.
De Lamirande et al. showed that NO, O 2
−
, and H 2 O 2 play a significant role in the process of capacitation [39, 66] . Minor differences exist in the mode of action between O 2 − and NO; the latter is generated during the whole process of capacitation and it can activate P-Tyr through cyclic guanosine monophosphate (cGMP) and cAMP simultaneously [67] . Cyclic guanosine monophosphate is a secondary messenger resembling cAMP in its intracellular function. Furthermore, Revelli et al. [68] suggested that NOS are present in human spermatozoa for the production of NO, which is necessary for fertilization. Nitric oxide and O 2 − can interact in regulating capacitation. , activate adenylate cyclase (AC), which produces cyclic adenosine monophosphate (cAMP). cAMP activates downstream protein kinase A (PKA). PKA triggers a membrane bound NADPH oxidase to stimulate greater ROS production. In addition, PKA triggers phosphorylation of serine (Ser) and tyrosine (Tyr) residues that, in addition to other inter-connected pathways, lead to the activation of protein tyrosine kinase (PTK). PTK phosphorylates Tyr residues of the fibrous sheath surrounding the axoneme, the cytoskeletal component of the flagellum. ROS, specifically hydrogen peroxide (H 2 O 2 ), increases the amount of Tyr phosphorylation by promoting PTK activity and inhibiting phosphotyrosine phosphatase (PTPase) activity, which normally dephosphorylates Tyr residues. The enhanced Tyr phosphorylation observed in capacitation is the last known step in the process, but intermediate steps or other (in)direct methods may be involved Indeed, ROS activity can only be achieved under similar conditions. If bicarbonate ions are removed from the medium, ROS production stops [57] . This cannot be reversed by the addition of cAMP or NADPH to bypass the inhibited ROS production. Therefore, the entire AC/cAMP/PKA cascade is sensitive to high pH [69] .
Sodium hydrogen antiporter pumps play an important role in maintaining a basic intracellular medium. The free radical O 2 − was reported to enhance intracellular pH by acting on the Na + /H + exchanger and stimulating H + conducting pathways [70] .
The extracellular signal regulated pathway (ERK) is also implicated in regulating the capacitation process. Its presence in spermatozoa is widely accepted [71, 72] . The mitogen activated protein kinase (MAPK)/ERK pathway involves an intracellular cascade of proteins activated by the binding of an extracellular mitogen to a membrane receptor. The successive stimulation of secondary messengers drives a signal from the cell surface towards the nucleus where it activates transcription factors for protein expression. The MAPK intracellular cascade causes the sequential stimulation of three protein kinases. The three enzymes of the ERK pathway are Raf (for Serine; Ser/Threonine; Thr phosphorylation), MEK (Dual specific Ser/ Thr and Tyrosine; Tyr) as well as ERK1, ERK2 (for Ser/Thr phosphorylation) [73, 74] . Once a ligand binds to the membrane receptor, Ras (a GTPase) exchanges GDP for a GTP and activates Raf, which phosphorylates the serine residue of MEK, thereby stimulating it. Similarly, MEK phosphorylates Thr and Tyr amino acids within the Thr-Glu-Tyr motif, which is present at the active site of ERK1 and ERK2 [75] .
O'Flaherty et al. [76] identified the existence of a dual specificity kinase resembling MEK in the ERK pathway. To prove this theory, they subjected human spermatozoa to an anti-phospho-MEK antibody, which binds to a phosphorylated protein, allowing it to be visualized. They obtained protein bands with 55, 94 and 115 kDa, which clearly differed from MEK1 and MEK2 (45 kDa). Similar results were achieved in separate experiments. The phosphorylation levels of the discovered proteins, named MEK-like proteins, were exaggerated during capacitation. Additionally, inhibitors of MEK and MEK-like proteins (PD98059 and U126) prevented the phosphorylation of Thr-Glu-Tyr proteins in the spermatozoa and impeded capacitation, suggesting that these kinases play a role in regulating sperm maturation [77] [78] [79] .
Human sperm capacitation induced by FCSu caused phosphorylation of ERK1/2 early on in the experiment (5 min), detected by immunoblotting analysis of the double phosphorylated Thr and Tyr residues in the Thr-Glu-Tyr motif. This trend declined during the next couple of hours [78] . Using the same techniques, Thundathil et al. [77] subjected a sperm preparation to aThr-Glu-Tyr motif specific antibody. Once the added complex interacted with the "antigen," the initial antibody was exposed to a secondary antibody resulting in an immunoreactive band detected using chemiluminescence. This procedure demonstrated that phosphorylated proteins with the aforementioned motif have a molecular mass of 80 and 105 kDa and are present in the sperm principal piece containing the main portion of the tail. Furthermore, this study confirmed the presence of a higher amount of phosphorylated (P)-Thr-Glu-Tyr-P 60 min after incubation. Various agents mediate this phosphorylation including MEK, MEK-like proteins, receptor type PTK, and the ERK pathway, but not PKA and PKC.
Unlike stimulation of the cAMP pathway, ROS have been shown to possess diverse roles in the regulation of the ERK pathway. According to Thundathil et al. [79] , O 2 − is not involved in phosphorylation of the Thr-Glu-Tyr motif in proteins with a molecular weight of 81 and 105 kDa. In fact, when SOD was introduced to the tested medium, it did not have any impact on the phosphorylation levels of the involved proteins. Similar conclusions were reached focusing on H 2 O 2 . Additionally, evidence showed a positive correlation between NO and P-Thr-Glu-Tyr-P. Nitric oxide synthase inhibitors decreased phosphorylation of the motif whereas NONOate-a compound that releases NO upon contact with water-has an opposing effect [79] . Phosphotyrosine kinases (PTKs) are a subgroup of protein kinases, involved in the process of capacitation. In fact, inhibitors of non-receptor type PKC and PKA prevented the phosphorylation of PKA substrates, which is not the case with the addition of inhibitors of receptor type PTK, MEK or PKC [71, 80] . Therefore, PTKs have been implicated in the late phosphorylation of tyrosine residues within the fibrous sheath of spermatozoa.
In a human somatic cell, the Phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)/Protein Kinase B (PKB)/mechanistic target of rapamycin (MTOR) intracellular pathway is important in muscle growth and apoptosis. However, it is a complex and far from completely understood signaling process with a variety of effectors, inhibitors and secondary messengers. For the purpose of this review, only the most important cascades will be presented in a simplified manner.
When an extracellular ligand binds to the membrane receptor tyrosine kinase (RTK), two receptor monomers undergo dimerization followed by autophosphorylation. This structural modification serves to activate PI3K, which may undergo a direct stimulation from the membrane bound Ras-GTP. The kinase acts to phosphorylate phosphatidylinositol 4,5-bisphosphate (PIP2) present within the inner layer of the cell and converts it to phosphatidulinositol (3,4,5)-triphosphate (PIP3). PIP3 can act as a source of phosphate to PKB triggering P-Ser-Thr. Finally, MTOR is stimulated indirectly by PKB.
More recently, PI3K and PKB were identified in spermatozoa [81] . O'Flaherty et al. evaluated the importance of the PI3K/PKB axis in capacitation by studying the effect of Wortmannin (a PI3K inhibitor) and PKB inhibitors in the presence and absence of the capacitation-inducers FCSu and bovine serum albumin (BSA). Capacitation was evaluated by the induction of the AR with lysophosphatidylcholine. The concentration of spermatozoa undergoing the AR declined, which means that capacitation did not occur. The authors concluded that PI3K and PKB are necessary for sperm maturation. To investigate the role of this axis in P-Tyr, the same inhibitors were added to spermatozoa incubated with the similar inducers and two other inducing molecules: NO and H 2 O 2 . The experiment detected a decrease in P-Tyr in the spermatozoa that were incubated with BSA and FCSu, but not with NO and H 2 O 2 . Similar results were observed regarding P-Thr-Glu-Tyr-P (H 2 O 2 acted like BSA in this case), but PI3K and PKB inhibitors did not affect the MEK-like protein phosphorylation. Consequently, the PI3K/PKB pathway is a mediator of P-Tyr and P-Thr-Glu-Tyr-P, but not P-MEK-like protein modifications. The authors hypothesized that PI3K and PKB act on PKA and ERK secondary messengers involved in capacitation through the phosphoinositide dependent kinase 1 (PDPK1) [72] . The reason behind the conflicting results obtained in the presence of NO can be a consequence of the PKB activation of NOS in order to produce NO [82] . Furthermore, NO and H 2 O 2 were not affected by inhibitors when phosphorylating Tyr/Thr-Glu-Tyr and Tyr, respectively, due to their role downstream of PKB [72] .
Acrosome reaction
The AR constitutes the last maturational stage of the spermatozoon in its journey to acquire fertilizing ability. It involves modifications of the anterior part of the spermatozoa head and the release of acrosomal enzymes following contact with the zona pellucida or extracellular layer of the oocyte. Acrosin is among the enzymes secreted in the vicinity of the oocyte during the AR. It is a protease that facilitates spermatozoa penetration of the zona pellucida by digesting this layer.
Following the discovery of the involvement of ROS in regulating capacitation, further studies investigated the prospective role free radicals play in potentiating the AR. Ichikawa et al. [83] compared the effect of small amounts of free radicals in stimulating the exocytosis and activation of acrosin. Samples were collected from normozoospermic and oligozoospermic patients. A cut-off value of 17.46 counts/ viable spermatozoa was employed to classify the samples as containing low or high levels of ROS. The authors found a strong correlation between the presence of a small quantity of radical species in the sample and an increase in the number of fully mature spermatozoa. A high level of ROS, irrespective of the sample of origin, produced the opposite effect. However, no relationship was found between the acrosin activity and the level of free radicals. The AR was induced by low temperature, and the spermatozoa that underwent this process were identified with a triple stain technique [84] .
Currently, there is no agreement as to which free radical is fully implicated in regulating the AR. On one hand, Aitken et al. [85] , is required for the AR, no clear evidence was found regarding the source of H 2 O 2 during this process [85] . On the other hand, Griveau et al. [86] play a role in the AR, which contradicts the results of the two previous studies [87] . Capacitation and AR occur in quick succession during sperm maturation. ROS regulatory pathways involved in capacitation, although not completely elucidated, are better understood than the intracellular cascades stimulated by free radicals in triggering the AR. ROS may be involved in the P-Tyr of the sperm proteins. In one of the earliest studies by Aitken et al. [85] , a number of proteins were phosphorylated at their tyrosine residue after incubation for 3 h in BWW medium supplemented with human serum albumin and A23187. Antiphosphate antibody and western blotting showed different bands of proteins corresponding to different molecular weights (222, 220, 159, 133, 116, 82 kDa). One important limitation encountered in this study was the lack of a clear differentiation between capacitation and the AR as a cause for this phosphorylation [85] . A similar study was performed using the same medium and supplements. The results showed phosphorylation of two proteins (116 and 100 kDa) in capacitated spermatozoa [69] . Furthermore, capacitated spermatozoa stimulated by the presence of platelet-activated factor or progesterone exhibited? tyrosine amplification in proteins with a molecular weight of 75 and 97 kDa [88] . de Lamirande et al. determined that the Tyr-P proteins associated with induction of the AR in the presence of LDA and A23187 involved bands with a molecular weight of 70, 76, 81 and 105 kDa. The authors suggested the presence of a common pathway through which ROS regulate capacitation and the AR leading to P-Tyr of similar proteins. This hypothesis was based on the fact that both maturation processes were shown to be regulated by free radicals and result in phosphorylation of the same proteins [87] . Tyrosine-P of A-kinase anchor proteins (AKAPs) of 81 and 105 kDa raises questions about the role of fibrous sheath proteins in regulating the AR. During capacitation, these proteins were involved in hyperactivation as mentioned earlier. Inhibition of AKAP, but not PKA, resulted in decreased spermatozoa motility. Therefore, AKAP function in the cell is not limited to binding PKA to the fibrous sheath, but it is also involved in the regulation of intracellular pathways [89] .
Reactive oxygen species may stimulate a variety of targets, including AC, PKC, and phospholipase A2 (PLA2), which have been shown to play a role in the AR [90] [91] [92] .
Phospholipase A2 is an enzyme that catalyzes the release of fatty acid by cleaving the second carbon of the triglycerol backbone and is activated by phosphorylation. It was shown that both O 2 − and H 2 O 2 may activate PLA2 [93] . The role played by ROS in inhibiting phosphatases has been described previously. When phosphatases are downregulated, PLA2 remains activated due to the presence of an attached phosphate group not removed by the weak enzyme [94] . Furthermore, phosphorylation and a subsequent activation of PLA2 may be achieved by a cascade of events involving ROS stimulating PTK, which will act upon PKC, leading to P-PLA2 and sperm membrane degradation [50, 95, 96 ] (see Fig. 2 ). Griveau et al. [86] indicated that treatment of capacitated spermatozoa with potassium superoxide resulted in an oxidative insult to the plasma membrane by O 2 − and a subsequent de-esterification of the membrane phospholipids [86] . Activation of PLA2 leads to increased fluidity of the sperm plasma membrane, which means it plays an important function in the regulation of AR and contributes to successful sperm-oocyte fusion [86, 94] . Fig. 2 Biochemical pathway proposed to regulate the acrosome reaction (AR). Induction of the AR can occur by physiological and nonphysiological activators, including the zona pellucida (ZP), progesterone, or reactive oxygen species (ROS). Subsequent release of Ca 2+ from the acrosomal calcium store generated during capacitation causes the cleavage of phosphatidylinosital-4,5-biphosphate (PIP2), which forms diacylglycerol (DAG) and inosital triphosphate (IP3). The latter activates actin-severing proteins, which leads to the fusion of the acrosomal and plasma membranes, and eventual acrosomal exocytosis. DAG later activates protein kinase C (PKC), causing a second, greater influx of Ca 2+ and activation of phospholipase A2 (PLA2). The release of large amounts of membrane fatty acids increases the fluidity of the plasma membrane necessary for later fusion with the oocyte combination with catalase did not result in a significant change in the process of chemotaxis at time zero. At the same time, spermatozoa culture supplemented with catalase only revealed a lower percentage of chemotactic cells.
On the other hand, a longer in vitro incubation revealed that PMA supplementation resulted in a lower number of chemotactic spermatozoa compared to the control or PMA with catalase. At the same time, the presence of catalase prevented this decrease. The results obtained suggest that a threshold of ROS must exist for normal chemotaxis to occur. High levels of ROS caused a state of oxidative stress leading to a lower percentage of chemotactic spermatozoa [11] .
Measurement of the ROS threshold
Various research groups focused on establishing a reference value for seminal ROS in order to help predict fertility outcomes. However, these cut-off values did not correspond when the results from different studies were compared. This is probably due to the small sample size of patients included in a specific study, the involvement of patients with different pathogenesis, or the use of non-standardized assays to determine ROS [97] . Das et al. [98] determined a cut-off value of 0.075×10 6 counts per minute (cpm) per million spermatozoa, above which ROS cause a significant drop in fertilization and pregnancy outcomes [98] . However Desai et al. [99] concluded that a value of 0.0185×10 6 cpm/million spermatozoa was needed to distinguish between fertile and infertile men. Subsequently, the same group devised a new method of reporting ROS levels in semen. The reference value was initially set at <20 RLU/s/10 6 spermatozoa [100] and was recently revised to 93 RLU/s/10 6 spermatoza (unpublished data).
Conclusion
Maintaining a physiological level of ROS in spermatozoa and their surrounding environment is of paramount importance. Indeed, a proper physiological amount of ROS is necessary for the successful lifecycle journey of spermatozoa i.e. from production to fertilization of the oocyte. Along the way, redox reactions act as essential cofactors in the development of fully mature spermatozoa. Free radicals ensure the morphological reshaping of spermatozoa by activating intracellular pathways leading to activating processes such as chromatin condensation, motility, capacitation, acrosome reaction, and chemotaxis. Conversely, excessive amounts of ROS have pathological effects on spermatozoa ranging from diminished sperm concentration, decreased motility and reduced fertilization to apoptosis. ROS therefore act as a double edge sword. Finally we can say that the acquisition of male fertilization capacity is achieved by well balanced processes of formation and degradation of ROS acting at specific moments during the "life" of spermatozoa.
Despite the extensive research performed in this field, more studies are needed to identify the proteins that are expressed and phosphorylated in spermatozoa. Furthermore, scientists need to understand how ROS activate the intracellular machinery. A better understanding of the delicate oxidative balance affecting sperm function and regulation could be of paramount importance in the diagnosis, prevention and treatment of male infertility.
